Intracranial pressure (ICP) monitoring is an important aspect of neuro-medicine. ICP is the pressure created by the presence of cerebrospinal fluid. ICP monitoring techniques consist of invasive (in vivo) and non-invasive methods (in vitro). Modern research aims to eliminate invasive monitoring of ICP and promote non-invasive methods of monitoring ICP. This review aims to assess the current methods and research related to non-invasive monitoring of ICP. Invasive methods of monitoring ICP remain the most accurate methods of measuring ICP but are associated with many complications. This review discusses the current approaches, advantages and disadvantages of these approaches in ICP monitoring. A critical study of the literature review demonstrates that for accuracy and precision, an innovative non-invasive method for ICP monitoring is needed. There is more room for further research and development in ICP monitoring. A universal method of ICP monitoring is needed and not for a class or group of patients.
Introduction
The brain consists of three main parts: the brain tissue (BT), cerebrospinal fluid (CSF) and the cerebral blood flow (CBF) [1] . The intracranial pressure (ICP) is regarded as the cerebral fluid pressure. Increased ICP development may be acute or chronic [1] . The increase in ICP is usually caused by intracranial tumors, blood vessel anomalies and infections [1] . ICP measurement is an extremely important part of the neurosurgical armamentarium [1] . A few methods for measuring ICP are in existence and are being practiced in the health sector. These can be grouped into invasive and non-invasive methods [2] . The invasive methods involve penetrating the human body to attain the ICP [2] , whereas the non-invasive methods do not involve penetrating the human body [2] . Some of the invasive methods involve the use of lumbar puncture, ventricular catheter or an external transducer. Fontanometer, transcranial Doppler (TCD) sonography, radiographic findings, ultrasound and infrared pupillometer are examples of non-invasive methods for measuring ICP [3] . Now, research into techniques for measurement of ICP is gearing towards non-invasive methods in a bid to eliminate complications associated with invasive methods [3] . Several reviews of work being done in the area of ICP monitoring have been done by various individuals. North's review of ICP monitoring discussed the importance of ICP monitoring, the transition from lumbar puncture through ventricular puncture to the combination of ventricular catheter and external transducers (that is due to the introduction of the strain gauge) [4] . He went further to talk about the various methods, devices and their advantages and disadvantages, and the interpretation of ICP monitoring [4] . His study only covered invasive methods of ICP monitoring. He concluded that the catheter tip transducer and the implanted microchip transducers are the best methods and gold standards of monitoring ICP [4] . Zhong et al's review concentrated on ICP devices and available research that had been done in the relevant field between 1977 and 2002 [2] . Their work was also geared towards finding the best method for monitoring ICP. Zhong et al's work focused on a classification of ICP monitoring based on the technology applied and the position of ICP measurement [2] . They further categorized research work done into in vitro tests, animal studies, pediatric research, mathematical/computer models and indirect measurements. They further discussed the complications, and the accuracy and stability of the various methods [2] . Zhong et al then concluded that the ventricular catheter connected to an external strain gauge transducer or catheter tip pressure transducer device is the most accurate method of monitoring ICP [2] . Also, frequent external calibration of new devices (miniaturized transducers, fiberoptic systems) during patient monitoring should be done. Rosenberg et al's review concentrated on non-invasive methods of monitoring ICP [2] . Rosenberg et al classified the non-invasive methods by the theory or method used in monitoring ICP [3] . The categories consisted of physical examination, radiologic findings, TCD sonography, audiological techniques and near-infrared spectroscopy (NIRS) [3] . These methods were discussed into detail and a conclusion was made that ultrasound measurement of the optic nerve sheath diameter and Doppler flow are the most promising non-invasive methods for ICP monitoring [3] . A summary of the reviewers' comments on the pros and cons of both invasive and non-invasive methods of ICP monitoring can be seen in Table 1 and Table 2 Their review talked about the various methods, their advantages and disadvantage. Unlike their predecessors (above reviews), they did not single out one method as the most promising non-invasive method nor did they conclude their review [5] . All the reviews discussed into details the advantages and disadvantages of invasive and non-invasive ICP monitoring techniques [2] [3] [4] [5] . It can be seen from various literature that invasive ICP still stands as the most accurate method for ICP monitoring as stated by Zhong et al and North [2, 4] . Current research looks to eliminate invasive ICP monitoring and eradicate the complications associated with it. This article seeks to critically review the current emerging trends in non-invasive ICP monitoring methods 
Non-Invasive ICP Measurement
Numerous investigations have shown that sustained intracranial hypertension is associated with poor diagnosis [2, 3] . Most importantly, the risk of intracranial infection, pain, discomfort, reliability and accuracy are problems associated with the existing invasive methods of measuring ICP [2, 3] . Also, accuracy and reliability are problems associated with existing non-invasive methods of measuring ICP [3, 5] . Therefore, continuous monitoring, complications, discomfort and accuracy are problems associated with current methods for measuring ICP. From the four reviews stated above, developing techniques for measurement of ICP can be grouped into mathematical models, computational models, medical imaging and alternative techniques [2] [3] [4] [5] . Even though the existing non-invasive methods of measuring ICP eliminate most of the problems associated with the invasive methods, these methods also have major problems associated with them. The current methods reviewed in this section of this paper are summarized in Supplementary 1 (www. neurores.org).
Computational methods
The model-based non-invasive estimation of ICP from cerebral blood flow velocity (CBFV) and arterial pressure by Kashif et al uses routinely acquired signals with a physiological model to generate patient specific estimates of ICP [6] . The model consists of a small number of physiological parameters, therefore reducing the computation time but limiting its real-time predictions [7] . This is because the signals (arterial blood pressure and CBFV) have to first be detected and then serve as inputs to the physiological model [6, 7] . With this process, there is a short but "significant delay" which may cause complications in critical condition patients [7] . Kashif et al also mentioned a few constraints of their ICP monitoring method, which include the need for high sampling rate, the use of archived data and not current or real-time data and the possibility of face shifting measured [7] . With their discussed method continuing, calibration free and patient specific estimation of ICP was achieved [6] . Further work to optimize the proposed method was suggested by Kashif et al. The optimization will reduce computation time [6, 7] but the development of a more complex model will rather reduce the computation time [7] . Budohoski et al's work on assessing the accuracy of non-invasive estimation of ICP and its three main components (amplitude of ICP pulse, amplitude of the respiratory component and amplitude of the ICP slow waves) is discussed next [8] . This method is a convenient way for measuring ICP in wards as stated in the literature. The method is time-consuming and needs computation of PI [7, 8] . Medical staff and paramedics can perform this simple test with acceptable reliability. The deficiency of this method is its range of application. It can only be used in no other place but in wards. However, the absolute values of PI may not be used to predict the ICP since various physiological and disease states can produce similar and false positive TCD finding range [8] .
Validation of CSF pressure measured, unattainable bedside monitoring in ICU, calibration/tuning need for each patient due to assumptions made and the assumption that RVP is constant are the limitations associated with Golzan et al's proposed methodology [9] . Further research on this method can be performed to optimize the algorithm but may also encounter an elongation in computation time [9] . Unlike Kashif et al, this may need tuning for each patient. Also, patients with eye problems (disease) cannot be monitored with this method making it patient specific (namely for a specific group of patients) [6, 9] . Kim et al applied data mining technique on finding ICP [10] . This involved using data acquired from arterial blood pressure, CBFV and ICP. Like the above listed computational model, more data mining algorithms can be employed in further research to make the model better but this will consume much more time and it is also expensive to implement [10] . From Kashif et al, mapping may be associated with certain issues of adequate and robust capturing of parameters to predict ICP [6] . Kashif et al also stated that it is also expensive to perform such a monitoring technique in terms of hardware, computation and human resource. From Kashif et al and the review on Kashif et al's research, the computational time and real-time assessment must be worked on even though accuracy holds a higher priority [6, 11] .
Developed devices
Bartusis et al's work on "Ophthalmic artery (OA) as a sensor for non-invasive intracranial pressure measurement electronic system" aimed at finding a measurement method which works perfectly without any calibration and a principle that could be applied for a non-invasive ICP meter [12] . Gravimetric scaling principle was used to compare OA pressure and an external pressure source [12] . The author places the TCD probe precariously close to the lens [12] . Their method would only be applicable in alert and cooperative individuals but this may not be possible with unconscious patients [12] . On the other hand, the accurate measurement of ICP was achieved with their method and principle but limited application to a group of patients (namely only conscious humans). In addition, prolonged pressure application to the globe can reduce central retinal artery blood flow and may result in vision complications [11, 12] . The method can also not be used for continuous measurement due to the application of pressure on the eye. A long-term use may lead to total damage of the eye. It can also be stated that real-time acquisition of ICP cannot be achieved with this method. Also, the assumption or theory that OA exists in two segments is debatable. A review of the authors' research by Liebeskind et al states that microanatomical studies have shown different configurations and variability reporting that incidence of the OA originating from the intradural portion of the internal carotid artery ranges from 4.7% to 89.6% of individuals [7] . This also proves that this technique for measuring ICP is limited to a specific population.
Using the principle of impedance mismatch, Swoboda et al calculated ICP non-invasively [13] . The device developed and patented by Swoboda et al consists of a pressure sensor, analyzer and a display [13] . With this novel device, bedside monitoring can be achieved and the device could be used on all kinds of patients. Some issues exist in Swoboda et al's proposed ICP monitoring device. Just like other discussed methods listed in the computational model section, Swoboda et al developed an algorithm for the analyzer after feature extraction [13] . With provision of real-time data from the pressure sensor, the next most important step is the processing speed and time. An already acquired algorithm is placed into the device. Ji et al also developed an instrument using multiparameter fusion methods to calculate ICP [14] . Their device consists of a virtual device which does the multi-parameter fusion method with parameters acquired from a TCD instrument and FVEP [13] . With this, the device is not only bulky and complex but needs at least two healthcare personnel to operate it.
Other methods
Xie et al presented a non-invasive ICP estimation method depending on orbital subarachnoid space width (OSESW) measurement as inputs [15] . Their research is based on the theory that: 1) The pressure in the orbital subarachnoid space is in correlation with ICP [15] ; 2) There exists a linear relation between the optic nerve sheath diameter and lumbar CSF pressure [15] .
The method proposed by Xie et al cannot be used for continuous monitoring of ICP. The need to first acquire the OSESW before estimating ICP is not only time-consuming but also causes harm and discomfort to patients [15] . The patient condition can also affect the usage of this method since intensive care, that is, the MRI unit cannot be placed in the ICU and bedside monitoring cannot be achieved.
Weerakkody et al's article talked about studying the synchronization between ICP and NIRS variables induced by vasogenic waves of ICP during an infusion study in hydrocephalus patients and after traumatic brain injury [16] . The theories used in the research were: 1) "Slow waves in intracranial pressure occurring in the low frequency band are present across a wide range of conditions (illness)" [16] ; 2) "NIRS allows detection of changes in brain tissue, cerebral blood volume (CBV) and CBF by recording relative changes in the concentration of Hb and HbO 2 during cyclic hemodynamic changes associated with slow ventilation" [16] .
Computerized infusion test is a well-established method for assessing CSF dynamics [16] . NIRS is also a well-established method for assessing tissue oxygenation index. Therefore, the data collection process using the study protocol was without fault [16] . The theory of using NIRS to detect changes in BT, CBV and CBF by using changes recorded in the concentration of Hb and HbO 2 was also accurate. The theory of slow waves in ICP occurs across a wide range of health conditions and can also be found in healthy individuals [7, 16] . Therefore, this proposed method can only be used on patients with known conditions to monitor their ICP. The theory of small waves being present across a range of conditions can also be found in normal individuals [7, 16] . The researcher believes that the correlation between ICP and NIRS has not been well established from their conclusion. Also, changes in concentration of Hb and HbO 2 being a potential marker for strong vasogenic activities in ICP are debatable [7, 16] .
Conclusion
The health and wellbeing of each patient is a doctor's desire. Comfort and healing is the desire of each and every patient in a healthcare center. There is possibility of acquiring comfort and prevention of complications associated with current ICP monitoring methods used in our healthcare centers. Patients and healthcare providers' needs have inspired further research into non-invasive methods of ICP monitoring. Many innovative and novel methods of non-invasive ICP monitoring have been developed over the last decade. It can be seen from the vast number of publications that researchers have not given up on finding the ideal ICP monitoring device.
Research on non-invasive ICP monitoring will continue until a device is realized that: 1) measures ICP accurately; 2) eradicates the complications of invasive ICP monitoring; 3) achieves real-time and continuous ICP monitoring.
Further research into ICP monitoring will be facilitated by new and cutting edge technologies (such as MEMS, VLSI, wireless techniques, AI and many others). Research into this area will be concentrated on developing new or improving ICP sensor method, development and optimization of signal processing techniques, and identification, development and optimization of data mining and machine learning. The successful development of such a device will therefore contribute to producing a reference point for manufacturers in design ICP measuring equipment for use in the healthcare sector. Above all, the device developed will rival existing devices for ICP measuring in the healthcare sector.
